Context: Aberrant cellular oxygen sensing is a leading theory for development of pheochromocytoma (PHEO) and paraganglioma (PGL).
C
yanotic congenital heart disease (CCHD) refers to a subset of congenital heart disease (CHD) diagnoses that often present soon after birth with systemic hypoxemia and hypoxia related to impaired pulmonary flow and mixing of pulmonary and systemic venous blood. CCHD comprises approximately 10% of all CHD, or about 0.1% of all live births (1) . A subset of patients with acyanotic defects later develop cyanosis, most commonly due to progressive pulmonary vascular disease and Eisenmenger syndrome. CCHD, inclusive of all types of CHD with resulting hypoxemia and hypoxia, has diverse multisystem effects. Secondary phenomena associated with chronic cy-anosis in the setting of pulmonary vascular disease include erythrocytosis, hyperviscosity, cholelithiasis, cerebral abscess, vascular dysfunction, and hemoptysis (2) . Most, but not all, patients with CCHD born in developed countries undergo surgical repair in childhood, resulting in either an elimination or reduction in the degree of hypoxemia.
Pheochromocytoma (PHEO) and paraganglioma (PGL) are neuroendocrine tumors arising from neural crest-derived cells or organs either in the adrenal gland (PHEO) or along the central sympathetic and parasympathetic chains (PGL), including the carotid body. These are relatively rare tumors in the general population, with a prevalence of 0.2-0.6% among hypertensive adults, 1.7% among hypertensive children, approximately 5% among incidentally discovered adrenal masses, and 0.05-0.1% in autopsy series (3) . In the last decade, a convincing body of evidence linking hypoxia, hypoxia pathways, and pheochromocytoma-paraganglioma genetic syndromes has been generated (4 -9) . To date, more than a dozen inheritable genetic alterations have been implicated in pheochromocytoma-paraganglioma syndromes (9 -11) . A majority of these genes cluster in a common cellular pathway that activates hypoxia-inducible factors including succinate dehydrogenase (SDHx) genes, von Hippel-Lindau (VHL), and hypoxia induced factor 2A (HIF2A) (9, 10) These discoveries have led investigators to propose the pseudohypoxia hypothesis of PHEO-PGL development, in which genetic susceptibilities resulting in aberrant activation of hypoxia pathways in chromaffin cells are responsible for the pathogenesis of PHEO-PGL (9, 12) . This hypothesis is particularly attractive, given prior observations linking hypoxia at an altitude with a higher prevalence of PHEO-PGL (13) (14) (15) .
We hypothesized that exposure to chronic hypoxia in CCHD would increase the risk for developing PHEO-PGL. We tested this hypothesis using two complementary approaches: 1) development of a multicenter international consortium to identify all known cases of PHEO-PGL in patients with CHD; and 2) a systematic analysis of a nationally representative population-based hospitalization data set to determine whether patients with CCHD are at higher risk for PHEO-PGL when compared with those with noncyanotic CHD.
Materials and Methods

Multicenter case series
We developed an international consortium of nine adult congenital heart disease referral centers with the unified aim of identifying all known PHEO-PGL cases within our collective CHD patient populations to develop a centralized case series. Inclusion into the database required the following: age 18 years or older at the time of clinical presentation to one of our centers during or after the year 2000, a diagnosis of CHD, and a diagnosis of PHEO-PGL. CCHD was defined as the presence of CHD with a history of at least 1 year of chronic hypoxemia (arterial saturation Յ 92%). The diagnosis of PHEO-PGL was defined by either pathologic confirmation of a PHEO or PGL, and/or a combination of suggestive biochemical markers drawn to evaluate hyperadrenergic symptoms (at least 2-fold elevations in plasma metanephrines or urinary catecholamines or metanephrines) in combination with supportive imaging findings (radiographic findings suggestive of PHEO or PGL For each identified case, the following data were collected: underlying CHD, timing of prior cardiac procedures and duration of cyanosis, clinical presentation of PHEO-PGL diagnosis, and other clinical information about each PHEO or PGL (laboratory testing, pathology, management) and clinical follow-up. Data were also collected on any clinical evidence or signs of known PHEO-PGL genetic syndromes including the following: thyroid nodules, medullary thyroid cancer, hypercalcemia, or hyperparathyroidism, oral mucosal neuromas, marfanoid habitus (multiple endocrine neoplasia [MEN], type 2); neurofibromas, freckling, cafe au lait spots, Lisch nodules/optic nerve tumors, skeletal dysplasia (neurofibromatosis type I); retinal angiomas, central nervous system or pancreatic masses, kidney masses, or renal cell carcinoma, epididymal cystadenomas (von Hippel-Lindau syndrome); kidney masses or renal cell carcinoma, gastrointestinal stromal tumors, or pituitary adenomas (succinate dehydrogenase deficiency).
Of the 20 cases reported, 18 were in patients with a history of chronic cyanosis. We report data on all 20 cases but focus the analysis and discussion on the 18 cases in patients with CCHD except where specifically noted.
Population-based study
We performed a retrospective, cross-sectional, observational study using the 2000 -2009 Nationwide Inpatient Sample (NIS) administrative data for adults 18 -75 years old hospitalized with any nonmaternal/childbirth diagnosis; NIS is the largest publicly available all-payer inpatient care database in the United States (16) and includes data on approximately 7 million to 8 million discharges annually. NIS includes a stratified sample designed to approximate a 20% sample of US nonfederal, short-term, general, and specialty hospitals. Demographic covariates included age, sex, and year of admission. PHEO-PGL was defined as the presence of pheochromocytoma [International Classification of Diseases, ninth revision (ICD-9), codes 227.0, 255.6] carotid body tumor (codes 194.5, 227.5) or paraganglioma (codes 194.6, 227.6, 237.3). CHD was defined as described elsewhere (17) . Given the absence of historical data on cyanosis, the definition of CCHD differed for the population-based study and the case series; for the population-based study, CCHD was defined as any CHD with coexisting codes for cyanosis, hypoxemia, or secondary erythrocytosis (codes 782.5, 289.0, 799.0). To assess whether any association was independent of demographic and genetic confounders, we performed a multivariable logistic regression adjusting for available demographic variables (age, sex), clinical features known to occur with PHEO-PGL (hypertension, renal cell carcinoma), and known pheochromocytomaparaganglioma syndromes (MEN code 258.0, von HippelLindau disease (VHL) code 759.6, neurofibromatosis code 237.7). Using more specific codes (ie, code 258.02 for MEN type 2; code 237.71 for neurofibromatosis type 1) did not change the conclusions. The statistical analyses were performed using SAS for Windows 9.3 (SAS Institute Inc). Analyses used provided sample weights to produce national estimates and account for complex sample design and clustering by hospital (16) .
Results
Multicenter case detection
Cardiac anatomy and history
In total, we identified 20 cases of PHEO-PGL in patients with CHD; 90% of these cases (18 of 20) had CCHD (Table 1) . Most patients had complex cyanotic congenital heart disease, including double-inlet left ventricle (LV), tetralogy of Fallot, double-outlet right ventricle (RV) with pulmonary atresia, and tricuspid and pulmonary atresia (n ϭ 16), whereas a smaller subset had Eisenmenger syndrome in the setting of a simple defect (n ϭ 2) ( Table 1) . There was no apparent association between a specific subgroup of cardiac malformations and PHEO-PGL. Interestingly, both patients with noncyanotic CHD had aortic coarctation.
Patients with CCHD had a median age at PHEO-PGL diagnosis of 31.5 years (range 15-57 y), and the median cumulative duration of cyanosis was 20 years (range 1-57 y). Although the mean oxygen saturation at time of PHEO-PGL diagnosis was 87.4%, only half of the patients (9 of 18) were actively cyanotic at the time of diagnosis, whereas the other half (9 of 18) had a remote history of cyanosis. As expected, the nine patients diagnosed with PHEO-PGL while actively cyanotic, had a longer duration of cyanosis (37.3 Ϯ 14.5 y vs 19.9 Ϯ 15.5 y, Wilcoxon rank sums P ϭ .02) and a lower oxygen saturation at diagnosis (80.9% Ϯ 5.7% vs 94.0% Ϯ 1.5%, Wilcoxon rank sums P Ͻ .001) when compared with the nine patients without active cyanosis at the time of diagnosis; however, there was no difference in the age at PHEO-PGL diagnosis between these groups (37.3 Ϯ 14.5 y vs 30.7 Ϯ 13.6 y, Wilcoxon rank sums P ϭ .28).
Tumor and biochemical phenotype and genetic evaluation
Among patients with CCHD, 61% (11 of 18) presented with a single tumor (seven PHEOs and four PGLs), and 39% (seven of 18) presented with multiple tumors (two with bilateral PHEO and six with multifocal or recurrent PGL). In total, there were 17 individual PGL tumors identified among the 18 patients, of which 13 were intraabdominal and four were in the head and neck region. None of the tumors were malignant on histopathology, and no patients demonstrated imaging findings suggestive of metastatic disease. A dominant noradrenergic biochemical phenotype was observed among patients with CCHD and PHEO-PGL. Nearly all cases presented with greater than 3-fold elevations in either plasma normetanephrines or urinary norepinephrine or normetanephrine concentrations, with little or no elevation of epinephrine or dopamine metabolites (Table 2) . Two patients did not have any available laboratory data and were confirmed using pathologic criteria. Case 14 was included based on clinical documentation of surgery for pathologically confirmed pheochromocytoma after development of hypertension, but primary records were not available.
Clinical genetic testing was incomplete. Genetic testing results were available for only five patients, and only three were tested for succinate dehydrogenase genes. One of the five patients was found to have a reported pathogenic missense SDHB mutation (G137A in exon 2), in the setting of nonmalignant, multifocal, recurrent PGL (case number 11, Table 1 ) and a strong family history (three affected siblings and one affected child). No genetic abnormalities were detected in the four other patients with partial testing (case numbers 3, 5, 7, and 17 in Table 1 
Population-based analysis
We analyzed more than 40 million hospitalizations for adults younger than 75 years old for reasons other than pregnancy and childbirth between 2000 and 2009. There were 576 168 Ϯ 20 596 admissions with CHD, of which 16 823 Ϯ 691 (2.8% Ϯ 0.1%) were for CCHD. We identified 108 413 Ϯ 3205 admissions with a diagnosis code suggestive of PHEO-PGL, 50.8 Ϯ 21.6 of which were in patients with CCHD. In the overall sample, those hospitalized with PHEO-PGL were older, more likely to be female, and more likely to have genetic pheochromocytomaparaganglioma syndromes and associated features [eg, Table 2 . Biochemical Phenotype of the 18 Cases of CCHD and PHEO-PGL Arrows indicate the degree of elevation relative to the upper limit of normal in plasma, urine, and a composite summary of the overall biochemical pattern. Equal signs indicate the value in the reference range, and periods indicate that measurements were either not performed or not available to assess. NE, norepinephrine; NM, normetanephrine; EPI, epinephrine; MN, metanephrine; DA, dopamine.
11111 more than 8 ϫ the upper limit of the reference range. 1 more than 2 ϫ the upper limit of the reference range.
PA/IVS, pulmonary atresia, intact ventricular septum; PDA, patent ductus arteriosus; P/I/B, diagnosis by pathology, imaging, and biochemistry, respectively; PPM, permanent pacemaker; PVR, pulmonary valve replacement; R, right; RA, right atrium; RFA, ablation procedure; SVC, superior vena cava; TGA, transposition of the great arteries; TOF/PS, tetralogy of Fallot with pulmonary stenosis; TV, tricuspid valve; VSD, ventricular septal defect. a Cases 13 and 14 underwent surgical resection of PHEO-PGL prior to presentation to the participating centers. Diagnosis of PHEO-PGL is based on available data that included primary information on biochemistry and pathology for case 13 but only historical documentation of consistency and confirmatory pathology for case 14. b Severe cyanosis prior to Fontan. Documented resting saturations were 86%-92% between 10 and 20 years old.
c Severe cyanosis prior to TOF repair. Resting saturation was 92% in the decade prior to a PHEO-PGL diagnosis.
d Resting saturation after Fontan ranged from 91% to 94%, with exertional desaturation to a high percentage in the 80s.
e Diagnosis for case 9 was based on autopsy. An abdominal computed tomography scan performed shortly before the patient died suggested lymphadenopathy; PHEO-PGL was not suspected. The imaging findings suggestive of lymphadenopathy likely represented autopsy-documented paragangliomas. f Diagnosis for case 12 differed for the two lesions. A left-sided pheochromocytoma was resected at age 15 years, with the diagnosis based on pathology. The right-sided lesion was diagnosed at age 31 years, and resection was pending at the time of data collection; the diagnosis for this lesion is based on imaging and biochemistry. (Table 3) . Of all admissions for patients with noncyanotic CHD, 0.05% Ϯ 0.01% were associated with PHEO-PGL, in comparison with 0.3% Ϯ 0.1% of CCHD admissions. CCHD was present in just less than 1 in 100 000 non-PHEO-PGL hospitalizations, compared with a greater than 5-fold higher proportion of hospitalizations for a patient with PHEO-PGL (0.9 vs 4.7 per 100 000 hospitalizations). The adjusted odds of hospitalization with PHEO-PGL among patients with CCHD was an odds ratio (OR) of 6.0 [95% confidence interval (CI) 2.6 -13.7, P Ͻ .0001], whereas the odds of PHEO-PGL in noncyanotic CHD was equivalent to that seen in hospitalizations for patients without CHD (OR 0.9, P ϭ .48) ( Table 3) . Although the absolute number of cases precludes a detailed reporting of diagnoses and associations within the group of patients with CCHD, the underlying diagnoses included ventricular septal defect (ICD-9 code 745.4), ostium secundum atrial septal defect (code 745.5), common atrium or atrioventricular canal defect (code 745.69), complete transposition of the great arteries (code 745.1), and common ventricle (code 745.3). None had Down syndrome (code 758.0).
Discussion
The co-occurrence of PHEO-PGL and CCHD has been reported anecdotally; however, based on the increasing number of candidate genes implicated in pheochromocytoma-paraganglioma syndromes that are in the hypoxia pathway (9 -11) and observations linking hypoxia at altitude with PHEO-PGL prevalence (13-15), we speculated that these sporadic observations may reflect a deeper connection between chronic hypoxia exposure and an underlying susceptibility for PHEO-PGL. Herein we report an international experience of PHEO-PGL cases among patients with CCHD, the largest series to our knowledge. The data demonstrate a number of features suggestive of pseudohypoxic syndromic PHEO-PGL phenotypes in CCHD patients (young age of onset, multiple tumors, noradrenergic biochemical phenotype). Furthermore, we report a similar coassociation between these diseases in a large population-based sample. Patients hospitalized with a CCHD diagnosis are also much more likely to have a diagnosis of PHEO-PGL, independent of other known and reported risk factors for development of these tumors.
Although PHEO and PGL are rare tumors, they have the potential for malignant transformation and are often associated with significant adverse cardiovascular events such as arrhythmia, hypertension, and heart failure, particularly in patients with existing cardiovascular disease. Recent discoveries have revolutionized our insight into the pathogenesis of pheochromocytoma and paraganglioma by suggesting that up to 35-40% of these tumors are likely part of a greater pheochromocytoma-paraganglioma genetic syndrome (9 -11) . Notably, many of the identified susceptibility genes for PHEO-PGL have implicated dysregulated cellular responses to hypoxia (pseudohypoxia) as a leading explanation for the development of pheochromocytoma-paraganglioma syndromes.
This hypothesis of the genomic era, however, may reflect an extension of prior observations made in true hypoxic states. For example, carotid body glomus cells are O 2 -sensitive chemoreceptors, and animal models suggest that adrenal chromaffin cells are also sensitive to hypoxia in the postnatal period (18) . Basic pathological studies have observed abnormal mitochondrial structure and appearance in PHEO and PGL tissue (19, 20) . Hypoxemia is associated with carotid body hyperplasia, (21) , and people living at high altitude are at increased risk for pheochromocytoma-paraganglioma syndromes (13-15, 22, 23 ).
There is even one reported instance in which regression of a PGL was observed after relief of chronic hypoxemia (24) . A number of case reports have described the diagnosis of neuroendocrine tumors in patients with CCHD, mainly PHEO-PGL. The association between PHEO-PGL and CCHD was first suggested in a 1964 case series; almost a quarter of patients with histologically proven PHEO seen at Johns Hopkins Hospital (Baltimore, Maryland) between 1901 and 1962 (5 of 21) had CCHD (25) . The co-occurrence of CCHD and PHEO-PGL has been repeatedly observed in case report form (26 -47) . Until the current investigation, however, there had been no systematic multicenter large series, limiting the ability to understand or confirm the clinical presentation and phenotype of PHEO-PGL in this group. Furthermore, there had been no epidemiological studies investigating the frequency of PHEO-PGL in patients with CCHD in comparison with that in patients with noncyanotic CHD or the general population, limiting inference on whether patients with CCHD truly have a higher risk for PHEO-PGL.
Several observations from the current report support a relationship between clinical hypoxemia and PHEO-PGL. First, all but two of the cases presented here had a history of an extended period of cyanosis prior to PHEO-PGL diagnosis. It is important to note that although the precise proportion is unknown, only a small minority of patients seen in adult congenital heart disease clinics have an extended history of cyanosis. The most common adult congenital heart disease diagnoses (eg, atrial and ventricular septal defects, bicuspid aortic valve, and coarctation of the aorta) are not associated with a high burden of hypoxemia.
Second, the age at the time of diagnosis of PHEO-PGL in this series was younger than seen in the overall population of patients with PHEO-PGL, and 40% of patients developed multiple tumors. Young age and multiple tumors are usually associated with high-risk or syndromic PHEO-PGL. The cumulative duration of cyanosis was also long, raising the possibility of an association between burden of hypoxemia and syndromic-type PHEO-PGL phenotypes. Further investigation is needed to confirm this hypothesis and to assess the relative contributions of timing, duration and severity of cyanosis.
Third, all of the cases displayed a biochemical phenotype suggestive of pseudohypoxic pheochromocytoma-paraganglioma syndromes (9-11). Biochemical characteristics of pheochromocytoma-paraganglioma syndromes have been consistently described: pheochromocytoma-paraganglioma syndromes resulting from mutations in the hypoxia pathway (cluster 1 genes: VHL, SDHx, HIF2A) present with a noradrenergic phenotype (markedly elevated norepinephrine and normetanephrines) with a notable absence of an adrenergic phenotype (essentially normal epinephrine and metanephrines) (48, 49) . The CCHD patients with PHEO-PGL identified in our international cohort displayed striking noradrenergic biochemical profiles, with a distinct absence of any convincing adrenergic secretory patterns, providing tantalizing evidence that hypoxia or pseudohypoxia in CCHD may represent the causal risk factor for PHEO-PGL.
Whether the risk for PHEO-PGL is increased in CCHD due only to chronic hypoxia or the combination of chronic hypoxia with an underlying genetic susceptibility could not be completely assessed in our study. Although one of the cases had a known syndrome or genetic/pathological cause for PHEO-PGL (case number 11), only five patients underwent clinical genetic testing, and most of these did not have comprehensive assessment of all currently known pheochromocytoma-paraganglioma syndrome genes (11) . The patient with an identified pathogenic SDHB mutation had the most severe phenotype with multiple PHEO-PGL recurrences, potentially reflecting an important gene-environment interaction. The incomplete genotyping in this series precludes us from concluding whether the prevalence of predisposing pheochromocytomaparaganglioma syndrome genes is equivalent to the overall PHEO-PGL population or whether investigation for new forms of genetic predisposition may be warranted. Despite this limitation, our findings suggest that CCHD may represent a useful human model of increased PHEO-PGL risk in which focused investigations may be conducted to better understand the pathophysiology, genetic underpinnings, and gene-environment interactions of PHEO-PGL. Given that up to 35-40% of PHEO-PGL is now thought to be attributed to a reported germline gene alteration, and clinical genetic investigations are routinely recommended (3, 11) , assessment for potential gene-hypoxia interaction represents an area for future investigation.
Prior case reports of PHEO-PGL and CHD focused entirely on patients with ongoing chronic cyanosis. This situation is increasingly infrequent in the contemporary era because most patients undergo intervention early in life. Although the vast majority of the patients in this series had a history of long-standing cyanosis, many had undergone biventricular repair or had been converted to a Fontan circulation long before the diagnosis of PHEO-PGL and were not hypoxemic at the time of diagnosis. It should be noted that a sizable subset of patients with Fontan circulation remain mildly hypoxemic (due to coronary sinus anatomy, patent fenestration, venovenous collaterals, pulmonary arteriovenous malformations, or parenchymal lung disease). Risk for PHEO-PGL in these patients could presumably be due to early severe cyanosis, chronic lowlevel hypoxemia, or both. The sample size precludes inferences regarding what variables predict risk (eg, severity, duration, and timing of cyanosis). The observation, however, does argue that the population at risk for PHEO-PGL includes those with repaired CHD who had historical exposure to hypoxemia, a growing group of patients.
The reported association has direct clinical implications. First, symptoms and complications associated with PHEO-PGL overlap strikingly with symptoms and complications of CCHD including palpitations, progressive arrhythmia, sudden cardiac arrest, fatigue, and malaise. PHEO-PGL represents a potentially curable cause of deterioration. PHEO-PGL should be considered as a cause of change in/development of new symptoms in these patients. Increased systemic adrenergic and noradrenergic tone may also provoke cardiovascular decline via neurohormonal effects in tenuous patients (50, 51) . Although it would be reasonable to propose the need for greater clinical suspicion for PHEO-PGL and a lower threshold for serum and urine testing, there are no normative data to guide interpretation in this population, which would be expected to have higher baseline catecholamine levels (52) . This would presumably be associated with a high burden of false-positive results, requiring further evaluation. Thus, although we believe the current observation should be integrated into care, the appropriate approach to doing so remains to be defined.
Limitations
Each study must be interpreted in the context of welldescribed limits of its particular design (case series and cross-sectional analysis of a large administrative data set), and this will not be further detailed. The two approaches tend to have complementary strengths and weaknesses; the consistency of conclusion is notable and supports the qualitative validity of each as presented. Specific limitations to the case ascertainment include variable and incomplete assessment of PHEO-PGL phenotype and genotype as well as a lack of detailed tumor tissue data. We cannot confidently conclude that our observation of concurrent cyanotic congenital heart disease and PHEO-PGL is independent of known genetic predispositions for PHEO-PGL because only five of the 20 patients were tested. However, our findings from the case-series and population-based study do support the hypoxia hypothesis of PHEO-PGL pathogenesis and may serve as a foundation upon which future studies can extend these results. Furthermore, we are unable to determine the exact incidence of PHEO-PGL in study 1 because the assessment of the true denominator of patients with CHD cannot be accurately determined for all of the participating centers. For the population-based study, we focused on patients with codes indicating both CHD and chronic ongoing cyanosis rather than identify patients by underlying diagnosis. We opted for this definition because many patients with cyanotic CHD diagnoses are now repaired very early in life, and we had no way to identify how long a given person had been cyanotic. All observational studies have the potential for bias and confounding; we attempted to minimize both of these with our analytical approach. The use of diagnosis codes for hypoxemia could result in ascertainment bias because we are unable to differentiate those individuals with chronic hypoxemia due to CCHD from those with CHD hospitalized with acute hypoxemia due to another cause. Although it highlights the possible pitfalls of this sort of analysis, this specific potential bias, however, is unlikely to explain the significantly higher association of PHEO-PGL diagnosis in those with diagnosis codes for CHD and hypoxemia or cyanosis or secondary erythrocytosis.
Conclusions
Patients with congenital heart disease and current or historical cyanosis are at increased risk for developing PHEO-PGL. Many symptoms often attributed to progressive CCHD overlap with those seen due to catecholamine secretion by these tumors. Clinicians should consider PHEO-PGL as a possible cause of otherwise unexplained clinical decline; early identification and treatment would presumably be associated with better outcomes. Further investigation is needed to identify the cause of this association, whether hypoxic stress, common genetic or developmental factors, or some combination.
